Background Excess female mortality causes half of the missing women (estimated deficit of women in countries with suspiciously low proportion of females in their population) today. Globally, most of these avoidable deaths of women occur during childhood in China and India. We aimed to estimate excess female under-5 mortality rate (U5MR) for India's 35 states and union territories and 640 districts.
Introduction
The scientific literature on missing women (estimated deficit of women in countries with suspiciously low proportion of females in their population) has long identified China and India as the countries that account for most of the world's female deficit. 1, 2 This deficit is increasingly due to prenatal sex selection through selective abortions, but the overall number of excess female deaths (postnatal discrimination) has not declined over the past 20 years and still accounted for half of new cases of missing women in 2010. 3 Most excess mortality is concentrated during the first years of life, a period during which girls actually have a biological advantage over boys in terms of mortality. 4 Furthermore, as argued in The Lancet Global Health, the burden of mortality tends to vary widely within countries or regions and reliable mapping of the geography of child mortality is needed. 5, 6 However, many countries, such as China and India, do not have reliable civil registration data and indirect estimates of excess female mortality are exclusively from surveys with few samples. Several studies 7, 8 have provided estimates of excess female mortality and of the number of excess under-5 deaths at national level.
In a country such as India that is characterised by high socioeconomic and cultural diversity, national and regional figures provide an incomplete idea of local health and gender challenges. A pioneering study 9 of under-5 mortality rates (U5MRs) in India provided various estimates by sex at district level. However, the estimated sex ratio of U5MR (used as a proxy for excess female mortality) understates the true extent of excess female mortality, since female U5MR is always substantially lower than is male U5MR, in the absence of discrimination. This estimate is also unreliable because of the size of samples available for indirect estimation. The geographical distribution of these excess mortality estimates suggests that an extreme amount of excess female mortality exists in parts of southern or eastern India where gender bias is at its lowest, whereas no excess mortality is observed in the parts of northern India where it would be expected.
In this study, we aimed to apply classic methods of indirect estimation of child mortality and sex differentials to a new set of exhaustive fertility data released by the 2011 census of India, to examine the statistical consistency of these new estimates and identify clusters of postnatal discrimination against young girls, and to e651 www.thelancet.com/lancetgh Vol 6 June 2018 statistically analyse our estimates to identify the main regional factors associated with excess female U5MR in India.
Methods

Data sources
District-level U5MRs are not available from demographic surveys in India; therefore we used census data to indirectly estimate these U5MRs. We used the fertility series data from the census of India 2011 10 to apply the summary birth history method (or Brass method). 11, 12 Fertility series data provide information for all children ever born and surviving at the time of enumeration by the age of the mother and the timing of fertility required for the application of the estimation method.
We used district-level indicators from the census, such as literacy rates, religious and social composition, household amenities, labour force participation rates, and occupations in our regression analysis. We also used other indicators that have been estimated from census data at district level in previous research, such as fertility rates 13 and sex ratio at birth. 14 To model the "normal" (expected) relation between male and female U5MRs, we used U5MR by sex from the 2015 revision of World Population Prospects 15 in 46 countries, which are official UN population estimates and projections prepared by the UN Department of Economic and Social Affairs. We chose specific countries and periods according to three criteria: countries without known prenatal or postnatal sex selection in mortality, countries with a reliable civil registration system, and periods where mortality overlaps with mortality rates in Indian districts during the 10 years before the 2011 census.
Indirect estimation of under-5 mortality
We used the Brass method to estimate U5MRs. We first calculated the mean number of children ever born and children surviving as reported by women, classified by age group. Using data on women's age at their last birth, we calculated the mean age of the age-specific fertility schedule. We then used these inputs and the coefficients from the International Union for the Scientific Study of Population estimation manual 12 to calculate U5MRs and their reference period (appendix pp 2-3).
The application of the best estimation strategy for the 2011 census data is described in the appendix (pp [4] [5] . Census data for some isolated districts were also identified as statistical or spatial outliers. We used four criteria to detect these outliers: small size of the mothers' sample, range of excess female mortality, unlikely sex ratio of children ever born, and strong spatial discon tinuity. We removed data when two or more of these criteria were met (3·5% of districts) and re-estimated excess mortality as the spatial average of U5MR in adjacent districts. The statistical findings presented (spatial autocorrelation and regression) are strictly identical with or without these re-estimated values.
See Online for appendix
Research in context
Evidence before this study We searched PubMed using the terms "child mortality", "mortality", "district", and "India" and identified 264 studies published between Jan 1, 1970 and Dec 31, 2017 in English. Among them, three studies calculated excess female under-5 mortality rates (U5MRs) worldwide and provided national estimates. We found one study with district-level estimates of excess female mortality in India. However, these data, which are from the 2007-08 District Level Household Survey-3, have overwhelming sample-related issues and are not consistent. The National Family Health Survey-4, done in 2015-16, is equally unable to provide subregional mortality estimates because of the scarcity of samples at district level.
Added value of this study
This study is the first to offer a reliable set of disaggregated estimates of excess female U5MR for India and of the corresponding number of annual excess deaths in 2000-05. It provides detailed mapping of specific geographical patterns of under-5 excess mortality across India's 640 districts. Our analyses show extreme diversity in excess female mortality across the country; large areas report no gender bias in child mortality, while four states in northern India account for two-thirds of all estimated excess under-5 female deaths. Additionally, our statistical analysis highlights the demographic, economic, and sociocultural determinants of inter-district variations, with high fertility, gender inequity, and low socioeconomic development emerging as major predictors of excess mortality of girls.
Implications of all the available evidence
Our study provides a graphic illustration of the extent and distribution of postnatal sex selection in India, a discriminatory mechanism that is largely invisible without detailed statistics. It also shows that, without excess female mortality, the country would have reached the 2015 target of Millennium Development Goal 4, set at 42 deaths per 1000 births. Excess female mortality warrants more attention in policy discussions around gender bias in India because it represents a challenge for the achievement of the Sustainable Development Goals. Our research calls for the introduction of more systematic monitoring of sex differentials for child mortality through improved registration and analysis of sex differentials in mortality. More qualitative research is also essential to better elucidate the mechanisms underlying excess female mortality. We subtracted the expected female U5MR from the observed female U5MR to calculate the excess female U5MR nationally and for India's districts and states. This procedure corresponds to the descriptive method of excess mortality estimation. 3, 7, 8 
Estimation of the absolute number of excess under-5 female deaths
To calculate the number of excess female under-5 deaths in each district, we applied excess mortality rates to the mean size of annual birth cohorts during the 14 years before the 2011 census. The size of birth cohorts was computed by back projection of the population below 15 years enumerated in 2011 with a survival ratio (appendix p 6). The survival ratio is taken from the South Asian life tables corresponding to the district-level U5MRs. 16 
Statistical and geostatistical analysis
We did multiple linear regression analysis with districtlevel excess female mortality rate as the outcome variable. In line with the published literature 17, 18 on determinants of sex discrimination, we tested a large set of contextual variables available at district level, including development and economic indicators (amount of work participation, percentage of households with household industry, literacy, urbanisation, access to safe drinking water, and housing quality), social indicators (proportion of population by religion and proportion of Scheduled Castes and Scheduled Tribes), and sex indicators (sex differences for literacy and work participation, and birth masculinity measured by the sex ratio at birth ).
We also tested the amount of spatial autocorrelation (Moran's I) by using a queen proximity matrix in which each district's estimate is compared with that of its immediate neighbours. In addition to the standard regression model, we used spatially autoregressive models to account for the high amount of spatial autocorrelation among residuals. After separate testing, we retained the spatial error model because it performs better than the alternative spatial lag model. This spatial regression model corresponds to the presence of unobserved factors in the residual error term that are spatially autocorrelated. 19 The general form of the model is given in the formulas:
where EFM is the excess female under-5 mortality rate, X is a vector of independent variables and β is the corresponding parameters to be estimated, u is the spatially auto correlated residual of the multilinear model, W is the contiguity matrix (1 for adjacent districts, 0 otherwise), λ is the parameter of the spatially autoregressive factor u, and ε is the error term. 20 A system of two simultaneous equations can be derived and solved by the maximum likelihood method to estimate coefficients β and λ.
Role of the funding source
This study is based on publicly available data and is not funded. Both CZG and NS had full access to all data in the study and had final responsibility for the decision to submit for publication.
Results
The average level of excess female under-5 mortality was 18·5 per 1000 livebirths (95% CI 13·1-22·6) in 2000-05. 178 100 (2%) of 13·0 million girls born during the study period died because of sex discrimination, which means that 22% of the overall mortality burden of young girls in India is attributable to gender bias. This excess mortality translates into an average of 239 000 (95% CI 169 000-293 000) excess deaths of girls aged 0-4 years per year, or 2·4 million per decade.
Our most notable finding is the regional distribution of excess mortality rates of females younger than 5 years. Our results show that 29 of 35 states were affected by a significant amount of excess mortality (table 1). All states and union territories include at least one district with (table 1) . Figure 1 shows district-level variation in excess female mortality plotted on the 2011 administrative map of India. District estimates with prediction intervals are given in the appendix (pp 8-30 ). The highest rates of excess female mortality in childhood were in northern India. The map highlights a large cluster of almost 60 adjacent districts in Madhya Pradesh, Uttar Pradesh, and Rajasthan where excess female mortality exceeds 30 per 1000 livebirths. These are rural, agricultural districts, characterised by high population density. Furthermore, there is a hot spot of extreme gender bias in western Rajasthan and another cluster in northern Bihar comprising 15 adjacent districts. In 24 of these districts, excess mortality exceeds 40 per 1000 livebirths and amounts to 30-50% of overall female U5MR (appendix pp . By contrast, almost no excess female mortality was reported in most of southern India and in several inland regions with a strong tribal population. In 215 districts, excess female mortality was not significantly different from five deaths or fewer per 1000 livebirths, while it is not different from zero in 92 of them (appendix pp 9-30).
Another notable finding of this map is the strong regional patterning of excess mortality of girls, which cuts across state boundaries (state-level variations account only for 63% of the overall variance of excess female mortality [data not shown]). Moran's indicator of spatial autoregression (Moran's I) is as high as 0·70 for the 640 districts studied (data not shown). Figure 2 shows the overall effect of excess mortality among girls at district level and gives an estimation of the absolute number of excess under-5 deaths. This map differs from figure 1 because of variations in the number of births, a value that is affected by the overall size of the districts and their respective birth rates. Together, Bihar, Madhya Pradesh, Rajasthan, and Uttar Pradesh account for two-thirds (66·7%) of all excess deaths of girls younger than 5 years in India (table 1) . Table 2 shows the variables used in our regression analysis for the 640 districts. We sequentially introduced social (model 1), development (model 2), and sex (model 3) variables to four ordinary least squares models (table 3) . Regression coefficients were standardised to facilitate comparison. The synthetic model (model 4) accounted for two-thirds of the variations seen across India (r² 0·675; table 3). Since the regression residuals of this model remained strongly spatially autocorrelated, we used a spatial error model (model 5) to correct for any remaining spatial bias (r² 0·749; table 3).
The analysis of the regression results highlight some of the main correlates of excess female under-5 mortality in India. Contrary to variations of skewed birth masculinity, the social composition of the population (model 1) had a negligible role in variations of excess female under-5 mortality (r² 0·059; table 3). The apparent link with the underprivileged Dalit (Scheduled Castes) population disappears in the synthetic model (model 4; table 3). However, when other variables are introduced in the regression, the analysis shows the mitigating effect of specific compositional variables: female under-5 mortality is significantly decreased among Muslim and tribal (Scheduled Tribes) populations (table 3) . These correlations are consistent with previous findings showing that preference of a son tends to be more pronounced among specific religious groups, such as Hindus. 21 Development variables (model 2) have a strong and mostly beneficial effect on excess mortality, an effect All data are from the 2011 census except excess mortality (calculated by the authors), fertility in 1994-2011, 12 and sex ratio at birth in 1994-2011. 11 that is still strong when socioeconomic and spatial factors are added to the model (models 4 and 5; table 3). Access to electricity and employment outside agriculture and household work significantly reduce postnatal excess mortality. High fertility is the strongest predictor of postnatal discrimination against girls, suggesting that excess deaths of girls is partly a consequence of unwanted childbearing and ensuing neglect of female children (table 3) . All sex variables (model 3) are positively correlated with excess mortality, which means that relatively high female literacy and work participation significantly reduce the risk of excess under-5 mortality (table 3) . The spatial error model (model 5) reduces the strength of most ordinary least squares coefficients, several of them becoming non-significant once regional patterning is factored in (table 3) . This model also confirms the presence of a strong unobserved spatial factor (λ 0·592; table 3). This factor might relate to the effect of local cultural and institutional standards (such as the strength of patriarchy and traditional gender inequity), features that are not captured by usual census variables. Data limitations prevented us from testing the significance of other variables, such as birth parity, patrilineal kinship, or income levels.
Discussion
Our study provides reliable estimates of excess under-5 female mortality after birth across all districts in India. In more than 10% of northern Indian districts, excess under-5 mortality exceeded 30 per 1000 livebirths, showing that geography is a key factor in infant and child death among girls. This estimated excess rate is similar to the rate of 21·8 per 1000 livebirths computed for India 8 by using the fixed mortality ratio derived by Hill and Upchurch. 22 Our annual estimate of excess female under-5 deaths lies midway between the lower figure of 216 300, interpolated from estimates for 1990 and 2012 by Alkema and colleagues, 7 and the higher figure of 329 900, derived by Bongaarts and Guilmoto. 3 Although the lower estimate is based on demographic sample surveys, the higher estimate is derived from UN population figures. 15 Our estimates are derived from a different source, the exhaustive census records on mothers' fertility. Other studies 23, 24 on excess mortality in India do not provide annual estimates of excess female under-5 deaths.
The skewed sex ratio for children is one of the most spatially clustered dimensions of India's demography. 25 National and regional figures conceal extreme local variability in the burden of sex discrimination faced by Indian women in their early life, confirming the need for a geographical approach to the analysis of child mortality differentials based on disaggregated estimates. 5 Our statistical and mapping analyses also show the close association between excess female under-5 mortality and socioeconomic variables at district level, such as relative underdevelopment and reliance on agricultural and household work, but also the decreased prevalence of gender bias among the Muslim and tribal populations. Excess mortality is also associated with indicators of gender bias, although prenatal sex selection is seen in different regions of India than postnatal discrimination is. 26 Notably, high fertility was the strongest predictor of excess mortality. Gender bias, underdevelopment indicators, and high fertility also explain the geographical clustering of excess female deaths in parts of northern India where son preference and large families go together. By contrast, the more rapid fertility decline in western India-where the need for a male offspring prevails-has been accompanied by the earliest observations of prenatal sex selection and a skewed sex ratio at birth since the 1990s. This transition from postnatal to prenatal sex selection across districts mirrors the overall observation for India in 1970-2010, in which the effect of missing female births on the overall female deficit is growing. 3 The country can be divided into three parts: northern regions with pronounced excess mortality among girls, western regions characterised by elevated birth masculinity similar to those reported in China, and the rest of India, where the effect of gender bias on mortality appears to be moderate or negligible.
When seeking an explanation for the concentration of postnatal discrimination against girls in northern India, it is noteworthy that this geographical distribution across India is not consistent with the map of skewed birth masculinity. 14, 27 The most skewed sex ratios at birth are in western India, from Punjab and Haryana to Gujarat and Maharashtra. We found that, except for Haryana, none of these states has severe excess female under-5 mortality. By contrast, the sex ratio at birth in the cluster of high female mortality in northern India (Bihar and Uttar Pradesh) is not particularly skewed; the statistical correlation between prenatal and postnatal discrimination against girls at district level is surprisingly weak (r² 0·07). Therefore, sex-selective abortions and excess female mortality in childhood might stem from the same bias against female children, but they are not observed in the same regions.
Areas in north central India-where excess female under-5 deaths are concentrated-are characterised by high population density and fertility. They form the BIMARU states identified in 1980s by Ashish Bose 28 as being the least developed part of India. Elsewhere in India, the number of excess female deaths is often negligible. In 289 districts, the estimates are not significantly different from fewer than 100 female deaths per year (appendix pp 9-30). Our method has two limitations. First, census data remain fragile and indirect methods might be affected by inaccuracy in reporting of age and other reporting errors in ways that are difficult to assess. Second, our estimates refer to a period centred on 2003, and with the rapid reduction in under-5 mortality, the present magnitude of female deaths in India is probably lower nowadays than was reported in this study. Nevertheless, we believe our analysis provides the only reliable and consistent disaggregated figures of excess under-5 mortality. It is otherwise unfeasible to estimate regional variations in excess female mortality from sources such as death registration statistics or the most recent health surveysthe Annual Health Survey in 2011-13, the fourth DistrictLevel Household Survey in 2012-13, and the National Family Health Survey in 2015-16. Estimates for the current decade will be available only in 10 years when district-level data from the future 2021 census are 30 Our findings, therefore, have important implications for contextual interventions. Excess mortality among girls is primarily associated with the combination of low social development and gender bias. It is heavily concentrated in north central India, extending from Rajasthan to Bihar. As shown by the regional estimates of excess deaths of girls, any intervention to reduce discrimination against girls in terms of food and health-care allocation should, therefore, target priority regions of Bihar and Uttar Pradesh where poverty, low social development, and patriarchal institutions persist and investment in girls is scarce. We also show that excess mortality is specifically associated with high fertility. This finding suggests that the sustained fertility decline currently observed in northern India is likely to lead to a reduction in postnatal discrimination. However, unless son preference diminishes, reduced fertility might cause a rise in gender-biased sex selection, as was observed in the late 1990s in western India. This situation reinforces the need to directly address gender discrimination and to encourage social and economic development for the benefit of Indian women.
Compared with prenatal sex selection, excess female mortality is rarely studied for two main reasons. First, the mechanisms of gender discrimination are complex and multilayered, ranging from deliberate neglect in health-seeking behaviour to invisible routine bias in food allocation. Second, the data that are necessary for statistical evidence-age-specific mortality rates by sex-are rarely available in developing countries. As a result, research and interventions to combat postnatal discrimination against girls are scarce, despite their importance in a country like India. Excess female mortality warrants more attention in policy discussions around gender bias in India, which tend to focus on prenatal sex selection. Our research calls for the introduction of more systematic monitoring of sex differentials in child mortality. This monitoring, based primarily on increased collection and sharing of death registration data, should help to provide a strong basis for benchmarking progress towards greater gender equality. More qualitative research is also required to better document the unfair distribution of resources and discriminatory treatment of boys and girls in intrahousehold health-care and food allocation, which is at the core of excess female mortality.
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